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In this work we propose, and experimentally demonstrate, the use of a self-oscillating all-optical
atomic magnetometer for magnetic induction measurements. Given the potential for miniaturiza-
tion of atomic magnetometers, and their extreme sensitivity, the present work shows that atomic
magnetometers may play a key role in the development of instrumentation for magnetic induction
tomography.
Magnetic Induction Tomography (MIT) [1] allows the
detetection and characterization of conductive objects.
In an MIT set-up an ac magnetic field induces eddy cur-
rents in the conductive object of interest. The eddy cur-
rents generate an additional magnetic field, whose detec-
tion gives access to the magnetic and electric properties
of the object. Spatial resolved measurements then allow
the reconstruction of the image of the object. MIT sys-
tems typically use coils of wire for the detection. The
finite dimension of the sensor limits the spatial resolu-
tion of the system, which is a major drawback of the
technique.
In this work we propose, and experimentally demon-
strate, the use of all-optical atomic magnetometers for
magnetic induction measurements. Atomic magnetome-
ters [2] are increasingly popular due to their extreme
sensitivity, which has recently been shown to surpass
the sensitivity of SQUIDs. They can measure extremely
small static [4, 5], as well as oscillating [6, 7], magnetic
fields. Here we demonstrate that they can also measure
the phase variation in an ac magnetic field induced by
the establishment of eddy currents in a conductive object
placed in the proximity of the sensor. Given the potential
for miniaturization of atomic magnetometers, and their
extreme sensitivity, the present work shows that atomic
magnetometers may play a key role in the development
of instrumentation for magnetic induction tomography.
In all-optical magnetometers an atomic sample plays
the role of the sensor. The atomic vapor is spin polarized
with a strong on-resonant pump beam. When the pump
beam is switched off the collective magnetic moment of
the atoms start to precess with the Larmor frequency
around the magnetic field vector. The precession can be
probed by a weak probe beam, with linear polarization,
via a process called nonlinear magneto-optic rotation
(NMOR) [3]. The resulting oscillating polarization of
the probe beam allows one to directly measure the
Larmor frequency, and thus to derive the magnetic field
amplitude. An important issue in atomic magnetometers
is the decay of the atomic spin, which is a limiting factor
for the sensitivity. Modulating the pump beam periodi-
cally with the Larmor frequency either in frequency or
in amplitude allows to compensate the spin decay by
realigning the atomic magnetic moment along the beam
axis. In a self-oscillating setup [8, 9], the polarization
rotation of the probe beam itself is used to modulate
the pump beam in a feedback circuit causing the system
to oscillate, in the limit of small spin decoherence,
at the Larmor frequency, which can then be directly
read out using a frequency meter or a spectrum analyzer.
In this work we use the high-bandwidth of an all-
optical 87Rb magnetometer to detect an applied oscillat-
ing magnetic field. Sinusoidal oscillations of up to 50 kHz
can be detected with an amplitude of around 100µG. An
oscillating magnetic field induces eddy currents in con-
ducting objects, which itself cause a magnetic field os-
cillating with the same frequency. The combined field is
measured at the position of the sensor, in our case the
87Rb vapor. Using a dual phase lock-in amplifier the
phase of the measured signal can be compared to the
phase of the driving. This contains information about
the induced current and therefore about the presence and
nature of conducting objects close to the sensor. We de-
tect different objects placed close to the cell by observing
the phase for different frequencies of the driving using an
all-optical magnetometer.
The experimental apparatus is shown schematically in
figure 1. The magnetic sensor is a 5 cm vapor cell filled
with the naturally occuring mixture of 85Rb and 87Rb.
The cell is coated with polydimethylsiloxane (PDMS)
and filled with 5 Torr of Argon gas. The cell is heated
to 70 ◦C to increase the amount of rubidium in the vapor
phase. The heat is generated by a current driven resistor
30 cm away from the cell and transported via heat pipes
to the vapor. The cell is placed in a rectangular solenoid
providing an offset magnetic field in the z direction. The
current through the coil can be modulated, with a mod-
ulation frequency up to 50 kHz. In this way, it is possible
to introduce an ac magnetic field component to the offset
field. Another set of Helmholtz coils along the y direction
is used to compensate the magnetic field in this direction.
Apart from these coils, no additional effort is made to
shield or compensate magnetic field gradients or noise.
This obviously limits the atomic coherence lifetime, and
thus the sensitivity of the magnetometer. However, this
is not relevant to the present work, which aims to demon-
strate the possibility to perform magnetic induction mea-
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FIG. 1: Schematic of the atomic magnetometer for magnetic induction measurements: the laser beam produced by an extended
cavity diode laser lasing at 780 nm is split into three beams. One part is used for a Doppler free dichroic atomic vapour laser
lock. The other two beams are the pump and the probe beam for the self-oscillating magnetometer. The probe is shifted up
in frequency with a double pass AOM by 280MHz and linearly polarized while the circular polarized pump is shifted down
by another AOM (-80MHz). Both beam intersect at a small angle of around 1.5 degrees in the vapor cell. The polarization
rotation of the probe is measured using a balanced polarimeter after the cell. In self-oscillation mode this signal is then fed back
to drive the intensity of the pump AOM. The rubidium cell is positioned in the center of a rectangular coil capable of producing
a homogenous magnetic field perpendicular to the probe beam propagation direction. This coil is also used to produce an
additional oscillating magnetic field component, which induces eddy currents in conducting materials close to the sensor. Those
currents result in a phase change of the measured oscillating magnetic field, which can be detected with a lock-in amplifier.
When the magnetic induction is measured the objects are placed close to the interaction region on a plastic pedestal.
surements. Close to the cell is a pedestal to place con-
ducting objects for the magnetic induction measurement.
The laser beam is generated by a a home built extended
cavity diode laser (ECDL) lasing at 780nm. This cor-
responds to the D2 line of both rubidium isotopes. A
fraction of the light is used for a Doppler-free dichroic
atomic vapor laser lock (DF-DAVLL) setup to stabilize
the laser frequency to the 87Rb D2 F = 2 → F
′ = 2, 3
crossover transition. The remaining laser beam is then
split in two on a polarizing beam splitter, to form the
pump and probe beam. The probe beam is then shifted
up in frequency by 280MHz using a acousto-optical mod-
ulator (AOM) in double pass configuration while the
pump beam is shifted down in frequency by 80MHz, re-
sulting in an overall blue detuning of 360MHz of the
probe beam with respect to the pump. The AOM in
the pump beam path is also used to control the pump’s
intensity and enables therefore the operation of the mag-
netometer in a self-oscillating mode. The polarization
of the two beams is then prepared by quarter- and half-
waveplates. Before entering the cell, the pump beam is
circularly polarized, with a beam waist of φ = 2.1mm
and a power P = 0.95mW, corresponding to a peak in-
tensity of 15.2mW/cm2 or 9.2 ISat. The probe beam is
linearly polarized, with a diameter φ = 2.1mm and a
power P = 1.1mW. The beam intensities were optimized
within the experimental constraints for maximum signal
to noise, but the self-oscillating magnetometer is fairly
insensitive to variations of the pump power, as long as it
is above saturation intensity.
The two beams are overlapped, forming a small angle
of 1.5 degrees. After propagation through the cell, the
polarization rotation of the linear polarized probe beam
is measured with a balanced polarimeter, while the pump
beam is blocked. In self-oscillating mode, the signal of
the polarimeter is used to drive the intensity of the pump
AOM via a PID controller (SRS SIM900). The PID con-
troller is necessary to achieve self-oscillations which ap-
pear for a wide range of gain settings. The controller is
also used to add an offset to the output to ensure that the
intensity response of the AOM driver is linear. In closed
loop configuration the system oscillates at the frequency
with the strongest gain, so that in general the oscilla-
tion frequency depends weakly on the gain settings (and
the delay times and frequency characteristics of the other
components in the loop.)
We performed a first series of measurements to cali-
brate the self-oscillating magnetometer. For an applied
DC magnetic field, and the magnetometer in open loop
configuration (no feedback), the Larmor frequency was
measured by observing the decaying polarization oscilla-
tion occuring after the pump is switched off. For different
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FIG. 2: Self-oscillation frequency as a function of the Lar-
mor frequency for different magnetic offset fields. Around the
working point the self-oscillation frequency depends linear on
the Larmor frequency. The insets show the response of the
probe polarization to a sudden switch off of the pump (left)
and to the polarization signal being used to drive the pump’s
intensity via the AOM via a feedback circuit (SRS SIM960)
.
offset magnetic fields, the experimental data were fitted
by a sine function with an exponential decaying ampli-
tude, so to extract the Larmor frequency. For each value
of the dc offset field, the system was then switched to the
self-oscillating mode and the frequency recorded with a
spectrum analyzer. Figure 2 displays the frequency of os-
cillation of the magnetometer as a function of the Larmor
frequency corresponding to the applied magnetic field.
Around 125kHz the self-oscillation frequency exhibits a
linear relationship to the Larmor frequency and can be
used to measure the magnetic field. Thus this frequency
was chosen as the working frequency of our magnetome-
ter, so that the self-oscillation occured in the middle of
the linear region. The insets in figure 2 show an ex-
ample of the polarization decay after the pump beam is
switched off (left) and the self-oscillating response for the
same magnetic field (right) when the polarization is fed
back to the RF intensity of the pump.
We note here the fast decay of the polarization as it can
be observed in the left inset of figure 2. Spin relaxation
times of several ms are achievable in vapour cells with
buffer gas, while in the presented experiment the collec-
tive spin 1/e-decay time is below 20µs. We attribute
this to the lack of magnetic field gradient compensation
and the presence of time varying magnetic fields, since
the experiment is conducted in a completely unshielded
laboratory environment.
In a next step we applied a small sinusoidal amplitude
modulation of the offset coil current, which corresponds
to frequency modulation of the Larmor frequency. A
power spectrum of the self-oscillating signal for different
amplitudes of an applied 10 kHz modulation can be seen
FIG. 3: Power spectrum of the polarization oscillation signal
in self-oscillating mode for different amplitudes of an applied
10 kHz modulation of the offset magnetic field. This corre-
sponds to a frequency modulation of the Larmor frequency
which produces sidebands in the spectrum. The traces are
offsetted by 80 dB to each other for visibility. The modula-
tion depth decreases from top to bottom.
in figure 3. An investigation of the central peak confirms
the presence of spurious time varying fields. Especially
several power line related 50Hz sidebands are resolvable.
In fact the low frequency ac modulation of the magnetic
field background is so strong that the spectrum effectively
splits into two components seperated by around 1 kHz.
This explains the width of the central feature as seen in
figure 3 but does not affect the magnetic induction mea-
surement (due to the comparable small frequency with
respect to the applied modulation). For increasing am-
plitude, sidebands at multiples of the modulation fre-
quency appear. The smallest applied modulation ampli-
tude where sidebands could be detected corresponded to
a magnetic field variation of just 100µG (at 10 kHz). The
measured frequency oscillation was then compared to the
initial driving signal using a dual-phase lock-in amplifier
with the capacity to display phase and magnitude of the
signal. Placing an object in close proximity to the cell
resulted in a variation of the phase of the measured sig-
nal. To study the behaviour of the phase as a function
of the driving frequency for different objects the phase
was firstly recorded with no object present. The phase
signal was directly output onto a digital oscilloscope and
the modulation frequency swept from 10 kHz to 50 kHz
within 100s. Four traces were averaged to improve the
signal to noise ratio. Then different conducting objects
were placed close to the cell and the procedure repeated.
At last the phase without any objects was subtracted
from the phase traces including the objects. The results
after offset subtraction are shown in figure 4.
The behaviour of the phase change appears linear with
the modulation frequency and depends on the size of
the object. This is in agreement with measurements of
425 mm diameter disc
5 Euro Cent (21mm)
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FIG. 4: Induction phase measurement for different modu-
lation frequencies and different objects. The phase of the
modulation signal as read out via the lock-in amplifier. The
phase change indicates the presence of a conducting object
close (1.5 cm) to the interaction region of pump and probe and
exhibits a linear relationship to the frequency of the modula-
tion. The measurement was repeated for three different items,
a 25mm copper disc, a 5Euro Cent coin and 10mm copper
disc, which can be distinguished in such a measurement.
magnetic induction performed with conventional sensors
made of a coil of wire. The largest phase change occured
for a copper coin with 25mm diameter and a thickness of
1mm oriented perpendicular to the offset magnetic field
at a distance of 1.5 cm away from the interaction region
along the direction of the probe and slightly above the
beam (4mm from the center of the probe, so that it can
pass unperturbed underneath the coin).
In conclusion we demonstrated the use of an all-optical
self-oscillating magnetometer with amplitude modulation
for magnetic induction measurements. We detected the
phase of an applied oscillating magnetic field, and demon-
strated the possibility to detect phase variations as a re-
sult of eddy currents established in a conductive object
placed in the proximity of the sensor. Given the potential
for miniaturization of atomic magnetometers, and their
extreme sensitivity, the present work may open a new av-
enue in the development of instrumentation for magnetic
induction tomography. The present work presented mea-
surements in the 100 kHz range, thus of direct relevance
ot the detection, characterization and imaging of metal-
lic object. The technique can also be extended to the
MHz range which is of direct relevance to the imaging of
biological objects [10].
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